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MSL Focused Technology

Presentation Outline
2

« CLARAty overview
e Schedule and milestones
« Team, collaborations, and processes

o Significant events
— Level | — framework for single-cycle instrument placement
— Level Il — framework for comparing multiple pose estimators

« Deliverables and technical progress
« CLARAty test bed
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MSL Focused Technology

Rover Technology TB (incl CLARALty)

Mars Science Laborator

Objectives:

 Facilitate infusion of performance-enhancing
navigation and manipulation technologies
into MSL flight system

» Provide a flexible framework for integrating
and comparing competing technologies on
all research rovers: Rocky8, FIDO, Rocky7,

K9, and FIDO5
Task Manager: Funding Profile ($K):
Issa A. D._ Nesnas (818) 354-9709 £Y 03 EY 04 £Y 05 £Y 06
nesnas@jpl.nasa.gov
1,379 1,394 1,000 400

Participating Organizations:

JPL, Ames Research Center, Carnegie Mellon, FYO03-FY05 Milestones:

U. of Minnesota, RMSA Universities FYO03 mobility and navigation for long traverse
o FYO04 pose estimation, tracking, and manipulation
Facilities: for instrument placement

Rocky 8, FIDO, Rocky 7, K9, FIDO 5, ATRVSs,
CLARAy test bed, ROAMS, Maestro, JPL Mars
Yard
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FYO5 complete simulations, onboard science and
health monitoring




MSL Focused Technology

Problem Statement

 Problem:
— Lack of integrated and validated robotic technologies for infusion into flight
— Redundant infrastructure for each robotic project
— No framework to capture technologies from universities
— No interoperable software among: Rocky 8, FIDO, Rocky 7, K9, ATRVs

 Key Challenges
— Different physical characteristics for robots
— Different hardware architecture for rovers
— Collaborative multi-center software development
— Flexible framework for advanced research
— Working software for all platforms
— Customer support
— Rover access to remote developers
— Software access and intellectual property
— Legacy code bases
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MSL Focused Technology
Mission Relevance and State-of-the-Art

Mars Science Laborator

« Mission Relevance
— Enables integration and validation of competing technologies
— Enables technology transfer to flight from a single integrated source
— Captures university technologies for future missions
— Makes research rovers viable test bed for flight
— Easily adapts to future rovers with different hardware architectures
— Relevant to MSL, AFL, and MSR missions; and lunar robotic missions

o State-of-the-art
— Mainly separate disparate robotic software systems within NASA
— Interoperability limited to high-level encapsulation

— Several efforts seeking common infrastructure — MDS, DARPA (Jaus),
Intel (Robotics Engineering Task Force)
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MSL Focused Technology
Technical Approach

Mars Science Laborator

 Use global perspective on various domains (motion, vision, estimation,
navigation)

« l|dentify recurring patterns and common infrastructure therein

« Use domain expertise to guide design

 Define proper interfaces for each subsystem

 Develop generic framework to support various implementations

« Adapt legacy implementations to validate framework
 Encapsulate when re-factoring is not feasible or affordable

o Test on multiple robotic platforms and study limitations

 Feed learned experience back into the design @
 Review and update to address limitations

After several iterations one hopes to have achieved a truly reusable infrastructure

October 12-15, 2004 PRE-DECISIONAL DRAFT: For Planning and Discussion Purposes Only 7



MSL Focused Technology
A Two-Layered Architecture

&

Mars Science Laborator

THE DECISION LAYER:
Declarative model-based global
planning and scheduling

INTERFACE:
Interactions at various levels

THE FUNCTIONAL LAYER:

Object-oriented abstractions for robotic
capabilities

System Adaptation
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MSL Focused Technology

Schedule (1/5)

Mars Science Laborator

[s] wWes Name % Complete |5t Quarter 2nd Quarter 3rd Quarter 4th Quarter 1st Quarter
Mov Dec Jan Feb Mar Apr May Jun Jul ALig Sep Ot Nov Dec
40 MSLO3|MSL Technology 36%
852 08.03 Rover Technology 34%
1000 09.03.05 Rover Tech Integration 58%
1001 09.03.05 CLARAty 58%
1002 09.03.05 vision T&% 1222 20/3D Visual Tracker Delivery 101
] [#)) wide paseline stereo Delivery |
.RH\."OR-IE Stereovision Delivery FY04 L1 Milestone - Demonstrate Target Appreach with Tracking/Hando
1003 08.03.05 Stereovision with CAHVOR-E models 100%
100%
1004 09.03.05 CAHVOR-E Stereovision Delivery 100%
1005 09.03.05 Multi-view registration on Rocky 8 100%

- m

1006 09.03.05 Multi-view registration version 2 on Rocky B 0%

g
1007 09.03.05 Multi-view registration Delivery 0%
1008 09.03.05 Integrated 2D/3D Visual Tracker on Rocky & 100%

2D/3D Visual Tracker Delivery

1010 09.03.05 2v3D Visual Tracker Validation Support 100%
100%
1011 09.03.05 Integrate visual tracking with obstacle avoidance 100%
100%
1012 09.03.0% Integrate and test visual tracking and camera handoff 100%
100%
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MSL Focused Technology

Schedule (2/5)

Mars Science Laborator

Ie} WeSs MName % CGomplete  |st Quarter 2nd Quarter 3rd Quarter 4th Quarter 1st Quarter
Moy Dec Jan Fab Mar Apr May Jun Jul Aug Sep Oct MNov Dec
1013 09.03.05 Refine close tracking with hazcams 0%
o% [
|
1014 09.03.05 F¥04 L1 Milestone - Demonstrate Target Approach with 100%
L 4
1013 08.03.03 wide-baseline stereo 100%
100%
1016 09.03.05 wide-baseline stereo Delivery 0%
1017 09.03.05 Mesh registration for camera handoff 0%
0% :

1018 09.03.05 Mesh registration Delivery 0%

1019 09.03.05 Visual Sinkage Estimation (Dubowsky) 100%:

100%
1020 05.03.05 estimation 38% 101
Sun sensor Heading Completion Dis|
1021 0%.03.05 Sun sensor absolute heading estimator with locomotio 100%
100%
1022 09.03.05 Re-implement centroid software and retest 100%
100%

1023 09.03.05 Sun sensor Heading Completion 100%

1024 09.03.05 F¥04 L2 Milestone 100% |

1025 09.03.05 Implement Sojourner and Rocky T pose estimation | 100%

- =
1026 09.03.05 Collect data for comparing four estimators (Sojourn 100%
100%
— |
1027 08.03.05 Compare performance of four pose estimators 100%
100% :
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MSL Focused Technology

Schedule (3/5)

Mars Science Laborator

|n] WBs Mame % Complete  |st Quarter 2nd Quarter 3rd Quarter 4th Quarter 15t Quarter
Mov Dec Jan Feb Mar Jun Qct [ Mov Dec
1028 09.03.05 Discrete 6DOF KF with sun sensing integration Ti%
0%

1029 09.03.05 Discrete 6DOF KF with sun sensing test and tune 0%

1030 09.03.05 Discrete 6DOF KF with sun sensing delivery 0%

1031 09.03.05 FlexMav Position Estimator (Borenstein) 0%

1032 09.03.05 Motor Fault Detection (Dearden) 0%

1033 03.03.05 Terrain Classification (Dubowsky) 0%

1034 03.03.05 Terrain Classification (Pedersen) 0%

1035 09.03.05 navigation 57% 318 7119 TEMPEST Delivery

i
Morphin Delilvery MER (TESTALT Delivery Drive
1036 08.03.05 Encapsulated MER GESTALT on FIDO 100% |
100%
1037 09.03.05 MER GESTALT Delivery 100%
1038 08.03.05 Morphin navigator on FIDO 100%
100%
1039 09.03.05 Morphin Delivery 100%
1040 09.03.05 Morphin navigator with visual odometry 0%
I
S

1041 09.03.05 Morphin navigator with in ROAMS 0%

1042 09.03.05 Dri ps navig ar ion 100%

- m
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MSL Focused Technology

Schedule (4/5)

Mars Science Laborator

5] WBS MName % Complete (st Quarter 2nd Quarter rd Quarter 4th Quarter 15t Quarier
[ Dec Jan Feb Mar Apr May Jun Jul Aug Se Oct | Nov Dec
1043 09.03.05 Drivemaps navigator on FIDO [ | |
o
1044 09.03.05 Drivemaps Delivery 0%
1045 09.03.05 TEMPEST / ISE (Stentz) 65%
0%
1046 09.03.05 TEMPEST Delivery 0%
>

047 09.03.05 Slope Navigator (Helmick) %

1048 09.03.05 Slope Navigator Delivery 0%

1048 09.03.05 manipulation 67% 11/8

| ®
SDJF arm control Delivery

1050 08.03.05 LM629 Motion Control Board Development and Testing 100%

1051 09.03.05 LM629 Motion Control Board Delivery to MSL Manipula 100%

1052 09.03.05 5DOF arm control framework 100%

1053 09.02.05 5DOF arm control and straight line trajectory on FIDO 58%

1054 09.03.05 5DOF arm control Delivery 0%

1055 09.03.05 CLARAtY/ROAMS with manipulation [0

1056 09.03.05 Arm collision prediction for 5DOF in new manip framw: 45%

1057 09.03.05 Arm collision prediction Delivery 60%
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MSL Focused Technology

Schedule (5/5)

Respenaible: Gabrial Udombkezmales Schadule Analyst S Gillespie
ars ence oratory eS|

Stat(ss Date Fri 1004

DRAFT Fri VD4

Focused Technology Schedule (FY Calendar)

s8] WES Mame % Complete  |st Quarte 2nd Quarter rd Quarter Ath Quarter 15t Quarte
MNow Dec Jan Feb Mar Apr May Jun Jul Aug Sep Ot MNaw Dec
1058 09.03.05 rover base placement with obstacles 400%
1059 09.03.05 rover base placement with obstacles Delivery 0%
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MSL Focused Technology

Accomplishments—Past Period

October 2003 to September 2004

Planned

Accomplished

1. Deliver for validation:
* Stereovision with CAHVORE to IP
* Visual target tracking to IP
* Morphin navigator to LT
2. Deliver LM629 motion control board to MSL
manipulation task
3. Integrate and Test:
* MER GESTALT navigator (MER)
» Drivemaps navigator (FIDO legacy)
» Wide baseline stereo (U. Washington)
» Mesh registration / camera hand-off (Ohio State)
* Wheel visual sinkage (MIT)
4. Implement and test elements of 6DOF EKF (U. of
Minnesota)
Develop generic manipulation infrastructure
Fix sun sensor implementation

o o

IP — Instrument Placement Validation task
LT — Long-range Traverse Validation task

October 12-15, 2004

. Deliver for validation:

» Complete
» Complete — delivered for Rocky 8
* Complete — delivered for FIDO

. Complete — tested hardware/software

and delivered

. Integrate and Test:

— tested with ROAMS
» Complete — encapsulated and tested in simulation
* Complete - tested on Rocky 8 in Mars Yard
* Complete — tested with Rocky 8 images
* Complete — tested with MIT test bed images only

. Complete —tested on Rocky 8 and FIDO

5DOF infrastructure — generic one
underway

. Complete — re-implemented algorithms

and much more ...
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MSL Focused Technology

FYO3 Year End Al

Action ltem Status
)

Status

MTP Board Recommendation #3: The
board recommends that JPL pursue open
source status for CLARALty.

* |dentified necessary steps to

prepare CLARALty for open source.

* |dentified the modules necessary
for open source release.

» Provided feedback to program
office on alternatives for critical
non-releasable modules.

» Started a collaboration with CMU-
West to investigate low-cost rover
hardware platforms.

e Supporting new RoverWare
software dissemination task.

October 12-15, 2004
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MSL Focused Technology

Issue Description

Issues and Resolutions
)

Solution Options/Schedule

1. Limited number of rover platforms.

2. Intellectual Property and sharing of
software among NASA centers and
universities.

3. Difficult and expensive to retain
staff with a wide technical base and
interest in supporting technologies
developed by others.

October 12-15, 2004

1. Increase by refurbishing or building
new rovers.

2. Setup a consortium of all centers
involved and draft a license
agreeable to the consortium.

3. One or more:

* Reduce scope of CLARALty.

* Attract members who are
generalists and have interest in
working across disciplines.

* Increase funding to retain diverse
staff.

PRE-DECISIONAL DRAFT: For Planning and Discussion Purposes Only
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MSL Focused Technology

Financial Status

Mars Science Laborator

SEP FY04 YTD

1 Cost Actuals wii Obs Actuals =i Cost Plan —&—Obs Plan ——ETC
1,400 L A
1,200 _— [
1,000 —
- Al
@ Al
¢ 800 =
600
400
200 /
0 ittt ] |
Hist Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
YTD Hist Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
ETC
Cost
Plan 73 226 340 460 582 681 795 931 1,042 1,131 1,230 1,312
Actuals 73 226 340 460 582 681 791 920 1,017 1,090 1,227 1,325
Variance 0 0 0 0 0 0 4 11 25 42 3 (13)
Obs
Plan 115 227 377 475 627 712 825 962 1,073 1,151 1,238 1,309
Actuals* 115 227 377 475 627 712 811 928 1,049 1,121 1,234 1,310
Variance 0 0 0 0 0 0 14 34 23 30 4 (1)
*Includes estimated burden on encumbrance

Variance Thresholds: =+/-<5% = +/- 5% to 10% _ =+/->10%
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MSL Focused Technology

Workforce Status

Mars Science Laborator

102159-09.03.05.02 CLARAty for MSL

WORKFORCE
SEP FY04

7.0 l B Plan Bl Actuals

6.0

5.0

4.0 -

= NEEEN
T

3.0 -

2.0 -

1.0 ~

0.0 -

OCT NOV DEC JAN FEB MAR APR MAY JUN JuL AUG SEP
OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP
MTD Plan
Total Plan (JPL+CTR) 4.0 5.1 5.9 6.0 4.8 4.8 5.0 5.0 5.0 3.5 3.4 3.0
MTD Actuals
Total Actuals (JPL+CTR 4.0 5.1 5.9 6.0 4.8 4.8 5.3 4.9 4.8 4.0 4.1 3.7
Variance (03

Variance Thresholds: _ =+4/- <5% = +/- 5% to 10% _ =+/->10%
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MSL Focused Technology
Status Summary

Mars Science Laborator

Technical Schedule Resources
JUNE JULY AUG SEPT JUNE JULY AUG SEPT JUNE JULY AUG SEPT

Detailed Description: (for items identified as yellow or red)
« Schedule and resources are on track

No current problen dentifed soion No ientied Scuton
G All commitments can be met m ution. Icentim U
Commitment is in jeopardy Commitment cannot be met
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MSL Focused Technology

Planned Accomplishments — FY05

 Prepare technologies for validation based on MSL needs
o Start interactions with new NRA awardees

Date To Delivery Description

12/04 P Tracking with panoramic and navigation cameras
1/04 LT GESTALT navigation with ROAMS

3/04 IP Navigation to Hazard camera tracking and hand-off
4/05 LT GESTALT navigation on Rocky 8

6/05 IP Stereo-based manipulation and rover-base placement
9/05 P Collision detection for manipulation

LT — Long-range Traverse Validation
IP — Instrument Placement Validation
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MSL Focused Technology

Highlights

Mars Science Laborator

A Challenging Year for CLARAty

— Delivered four major algorithms for validation

— Captured six major legacy and competed algorithms

— Supporting four major platforms

— Maintaining a large number of algorithms

— Lost several key staff members (medical leave, MER support, etc.)
 Development Process

— Setup a new development process but needs further tuning

— Started an automated night build process

— Improved CLARALy test bed
* Formalizing manipulation infrastructure (requirements document)

» Participated in several Code T ICP and ECP — awarded two ICPs that
will leverage CLARALty

* Presented invited paper at IROS
* Presented papers at Aerospace Conference
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MSL Focused Technology

CLARAty Core Team

Mars Science Laborator

o Jet Propulsion Laboratory
— Max Bajracharya (34) (Cog-E & Vision lead)
— Edward Barlow (34)

 NASA Ames Research Center
— Maria Bualat

— Clay Kunz (Data Structure Lead) —  Antonio Diaz Calderon (34)
— Eric Park — Caroline Chouinard (36)

— Susan Lee — Daniel Clouse (34)

— Anne Wright (Cog-E & Core lead) — James Dillon (34)

— Tara Estlin (36) (Deputy & Decision Layer lead)
— Erann Gat (36)

— Dan Gaines (36) (Estimation Lead)

— John Guineau (34)

— Mehran Gangianpour (34)

— Won Soo Kim (34) (Motion lead)

« University of Minnesota — Richard Madison (34)

— Stergios Roumeliotis — Michael Mossey (31)
_  Yukikazu Hidaka — Issa A.D. Nesnas (34) (Task Manager)

— Richard Petras (34) (Adaptation lead)
— Babak Sapir (31)

« Carnegie Mellon University
— David Apelfaum
— Reid Simmons (Navigation lead)

« OphirTech
— Hari Das Nayar
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MSL Focused Technology

Collaborations

Mars Science Laborator

Williams

MTP [ MDS ] CICT R&TD
Lai

CcMU Matthies Bolotin
Glymour/ C_LEa_lR
Ramsey Estlin/Fisher

Instr. Placement

L Pedersen
New NRA /l Craters

Competed Tasks N Cheng
OASIS

RMSA Competed Tasks Castano, Judd

U. Washington <:> C LA RAty Validation Tasks

Olson Inst. Placement

CMU .
Stentz Jet Propulsion Lab }:> Kim

U. Michigan Long Traverse
Borenstein NASA ARC Huntsberger
JPL

Auto. Science

N
esnas TBD

JPL
Matthies
ARC
Roush

ARC Science Sim ROAMS
Dearden M. Lee Jain

MIT MSL Manip

Dubowsky
Ohio State U. P.Backes

Li

CMU

Maestro
Norris N U. Minnesota
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MSL Focused Technology

Software Development Process

Mars Science Laborator

[AFS Backbone _ % - ~ ]
. [’CMU ][U.Minnesota} [ JPL ][ ARC\] [ Uw ]

[ Repository ] / \ [ Repository ]
[ ATRV ] [ CLARAty ][ VxWorks ] [ K9 ]
N

=
[ Repository ][ Releases ][ Web ][ 3rd Party]

[ Rocky 8 h]
BN > 70-

60 -

50-

Number of employees 40 0O Users/Collaborators
and not FTEs W ExtendedTeam

30
O JPL Team

20+

101

0

FYO0O FYO1 FY02 FYO3 FY04
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MSL Focused Technology

Some CLARAty Statistics

 ~320 modules in repository (increase of 6% from FY03) — goal is to limit modules

« ~60 modules are researched technology algorithms (~20%)

« About 500,000 lines of C++ code — revise and reduce

 Five adaptations: Rocky 8, FIDO, Rocky 7, ATRV, K9

 Most technology modules are at Level Il

« None are at Level IV or Level V (formally reviewed, documented, and open source)

Technology Modules Only

CLARALty Integration Levels

35- *Level | — Deposited
Level Il — Encapsulated
301 sLevel Il — Refactored

sLevel IV — Formally reviewed

25/
sLevel V — Open source and fully

>
(@]
o
o
=

)
[SI )
QS < documented
w O
° 3 —
3]
o]
€
=]
Z

Level | Level ll Level lll Level V Level V
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MSL Focused Technology

Technology Algorithms in CLARAty

Mars Science Laborator

] Technology Alparithms - Microsoft Internet Explorer g@@
osoft Internet Explorer ~=1olx]| JPL Stereo vision - December 23, 2003 crosoft Internet Explorer =10lx

File Edit ‘iew Fovortes Tools Help

:| File Edit %iew Favortes Tools Help

+Back ¥ + - @ 4t | QSearch (ilFavortes Pnecia (|G- & i ~ 2 J = ‘ | P Back = = - =] at | @ Search [ Favorites @Media | B-5 -5
Address &) http:y/cl | /new_site/softwarefiechnology/stereo_s Ifindex htrnl - Go | Links - - — :
|j p:ficlaraty jpl.nasa.gov/new_site/softwareftechnology/stereo_vision_jpl/indexhtm Agdress|@ hitp ffclaraty jpl.nasa.govinew_site/software/technology/sterea_vision_jplfindex htm| j @ Go ‘L'”kﬁ >

Al gorlﬂ m Imp! ementation Detalls

|

The JPL steren vision implementation matches points between left and right images and
computes the disparity between each carresponding pixel. Prior to generating a disparity
image or a range image,, the JPL stereo vision requires the calibration of each camera
using a calibration target with a ficed and known pattem. There are twa procedures fr
calibration: ane that uses a fixed comer cube with three plates mutual perpendicular, and
another that uses a single lightweight plate and a total station. In the latter case, the

| Algorithm Summary

Purpose of Algorithm:

target plate i moved around in frant of the cameras and target location relative to a fixed H
Right Camera Left Camera
frame ig captured using the total etation.
I To provide a 3D range image (or a depth map) of a scene captured through a
The steren algorithm has the following steps after the calibration files have been Left Image pair of steren images acquired from cameras that have been a priori calibrated & ®

produced: (Figure 2) L L R. Camera L. Camera
‘ Maclel Model

¥

Inputs: ¥
r . Two images (left and right)

Align Cameras - the two non-linear camera models (CAHYOR or CAHVORE) are
converted to linear (CAHY) models without changing the camera baseline (see
Figure 1). These models will be used to rectify images

» Rectify Images - using the aligned camera models generate rectified images 1 z
whete the rows of one image correspond to the rows of the second image. This 2. Two camera models {left and right) R 1 I
et £ Recti Align Cameras
reduces the Sterea matching problem fram a 20 to a 10 search prablem 3. Tuning parameters to include: correlation window sizes, sub-sampling ‘ e 3 i L L |
= Bandpass Filter - use the Laplacian of the Gaussian ideally, but in practice, use Jevel (pyramid level), max disparity and noise fitering parameters l =
@

the Difference of Gaussian (DoG) to filtter out the DC effect and the high frequency
noise components of the image signal retaining the stable portion of the signal
Stereo match - compute the sub-pixel disparity hetween corresponding pixels
frorn the left and right images. The algorithm is implemented such that for each
integer digparity (up 1o the max digparity), a score is computed for the entire
image. Ta obtain sub-pixel disparities the results of this operation are interpalated
using parabolic fits. The matching operation uses a window averaging scheme for
each pixel with the sum of absolute to ag a dissimilarity I
measure (see Figure 2)

S
Recitifed & Decimated
Diff. OF
Gaussian

Outputs:

Diff. Of
Galusslan lf‘é B r—@:\

Stereo Correlate Baseline unchanged —

Match

1. Depth image (each pixel measures corresponding depth)
2. Range image (each pixel measuring 30 (x,y 2) location of the point
relative to a world frame)

« Verify match - use a left to right correspondence and verify that the right ta left o T Blok Filter
correspondence has a close value, otherwise, report no depth infarmation for that Applied Difference
pixel Of Gaussian (DOG) S 2 Brocess
o Efiminate discontinuities- .k.a blob fltering, remove dephts that prasent strong g Y Assumptions: | Cormpute
B B p p i Disparity Map Range Map
discontinuities from their neighhoring pixels. Ovtpat Range

1. Camera models for each camera obtained through an a prion
calibration procedure. Camera model include both intrinsic and

E extrinisic parameters. The intrinsic parameters are a systematic

description of the interal geometry of each camera as it relates to

image formation. The exirinsic parameters represent the precise

placement and orientation of the camera with respect to some fixed 30

E coordinate system. i .
‘ ‘ Figure 2: Example of images processed using F ¥ Figure 1: JPL Stereo vision pipeline

} } JPL Steren vision pipeline

Disparty

le—— Ranne mans

7‘ - —» = Computational Requirements:
2 = 1. ©On1 GHZ processor, generating a range image for 2 640 » 480 x 2
‘ ‘ ‘ Range steren image pair reguires about 200 ms and 2 MB of RAM (verify)
Left image Right image 2. For proper operation, the standard deviation of the stereo disparity

Average — y

- Subtract + Add pixel errar should not exceed 1/3 pixel

Sum of Absalute Differences for verious disparties

{use parabolict for sub-pisel acouarcy)
Stereo Correlate
Figure 3: Sterea carrelation < Algorithm Description
1 . . .
The stereo vision algorithm uses a number of aptimization techniques to improve the The stereo vision aglorithm uses the camera models to generate a 3D point for every pixel in the 20 image. The 30 point can be mathematically
overall proceszing epeed associated with 2 2D imags coordinates with a ray in space containing the points which project to it The JPL steren vision software supports the
- Sliding Sum Optimization Yakimovsky-Cunningharn linear camera model, CAHY, and its extensions, CAHVOR and CAHVORE. CAHY is functionally equivalent to any perspective
s Sliding Sums - the algorithm uses the sliding sum optimization that computes far a (3 kemel 4 |
nixelinfenaity averames nver A window Cnmntine such averane for the next nivel =l
@ [ @ EE T T [@nene ~
w . -
Specialized forward kinematics 3 JPL |. Mesnas, H. Das all Dexter Dexter arms and mast identical to
< >
& Internst

&
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MSL Focused Technology
Serving the Customer

Mars Science Laborator

E | CLAHALY Delivery of 20730 Visual Tracking - June, 7004 - Microsofl Infernet Explorer

 Making a formal delivery

— Interact with technologist to plan
CLARALy integration

— Capture algorithm and representative
data sets

Be ES pew Fpomes Tods bep
Qs - - 8] B @ PO

] g el . el i freow sl

Favortes g Meda )

o e hamiingy eiuadd_trackirsglendez himl

“iw -

Algorithm Information

Daseription
Algonthm Name

Tested Platfoms

Supported Platforms

Integraticn Level

Comments

Supported by MTE an
¥ st

CLARALY téstin

Pantially documenied

d ASTEP p

rograms

Technology Prowder

— Understand and operate algorithm

— Integrate into CLARAty and test on a
rover platform

— Do an internal shake-down test
— Develop release documentation
— Deliver to validation

— Support delivery, bug fixes and
feature additions

— Maintain CLARALy test bed

CLARALy Soiware Design

Algorithm Summary

Updated every [
step
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Significant Events

Level | — framework for single-cycle instrument placement
Level Il — framework for comparing pose estimators



MSL Focused Technology
ignificant Event — Single Cycle Instrument Placement

Mars Science Laborator

- e
g

« Provided a framework for end-to-end single- B ._“:‘_I:i
cycle instrument placement (SCIP) on Rocky 8 e —
(Level | milestone) il .
« Demonstrated integration of the following | < N
technologies: |
— Visual 2D/3D Tracking (JPL - RMSA)
— Morphin Navigator (CMU) -y
— Wheel odometry pose estimator (JPL) A
— Camera handoff (JPL)
— Rover base placement (JPL — IS/MSL)
— 5DOF manipulation (JPL — MTP/MSL)

— Commanding through Maestro

* [mportance:

— SCIP increases science return by saving the
mission 2 sols out of 3 per placement. Key
component for multiple instrument placements.

— Framework to plug in different technologies for
validation of end-to-end capability

Designating
a target

K

Max Bajracharya (lead), Antonio Diaz Calderon,
Won Soo Kim, Mark Powell
(Joint effort with MSL manipulation and Maestro tasks)
Rocky 8 tracking and navigating
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Level | Milestone - Key Challenges

Mars Science Laborator

October 12-15, 2004

Target

Target Tracking

.. S Designated

*v.  Target

1st Frame Changes in FOV

37" Frame after 10 m
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MSL Focused Technology

Framework for Single-cycle Instrument Placement

Mars Science Laborator

Possible Alternatives

SIFT SIFT
Tracker | Tracker
Visual v 2D/3D Visual
Maestro Odometry 9 Tracking
Ground '
System l
ﬂ 2D/3D Visual
Tracking
F\I;ii':]/![?r?t Visual Odometry
On -board Rover E—— 9 o
isual Tracker | c
Software Gaze Pointing Haz Camera Tracking | S
Infrastructure -
Pose Estimator 2 o
gl o
2| z
Wheel Odometry )
Base Placement =
2]
MSL Base >
. Placement
Obstacle Avoider Locomotor Camera Hand-off
Morphin KIM
Navigator e Loty Hand-off
T FIDO EKF T
6DOF EKF Mesh Registration
GESTALT
Visual Odometry Bundle Adjustment
Drivemaps
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MSL Focused Technology
Video of Single-cycle Instrument Placement

Element

Provider

Comments

Rover takes panorama and sends images to Maestro

CLARAty

Maestro displays images and user designates a target
point. Host sends selected target to rover

WITS/Maestro Task (Norris,
Powell)

Rover uses 2D/3D visual tracking from navigation cameras
(45° FOV) to track target from 10 —2 m

Visual Target Tracking (Nesnas,
Bajracharya, Madison, ARC)

Rover uses Morphin navigator to avoid obstacles

CLARAty (Simmons)

Rover tracks using mast pointing while avoiding obstacles
and estimating pose

CLARAty (Bajracharya)

At 2 — 3 m, rover hands-off target from navigation cameras
to hazard cameras using first:

1. Kinematic chain from calibrated mast
2. Image-based matching to refine new target location

1. Instrument Placement (Kim)

2. CLARAty (Bajracharya) —
unplanned effort

Hand-off technology from Ohio State did not
operate properly on rover images.

Video demonstrates manual hand-off due to
lack of robustness of current on-board
algorithm. ARC mesh registration is a possible
alternative

Rover can use visual odometry to estimate pose from 3 m —
0.5 m using hazard cameras — video shows just wheel
odometry for this segment

Slope navigation (Matthies,
Cheng, Helmick)

Algorithm failed to produce reliable and accurate
estimates on images from Rocky 8 hazard
cameras.

Rover base placement

MSL Manipulation (Backes,
Calderon)

5DOF arm deployment

MSL Manipulation (Backes,
Calderon)

Vision-guided manipulation using HIPS

MSL Manipulation (Backes,
Robinson)

At the time the video was acquired, this
technology was not integrated onto the rover.

Some delays attributed to late integration of new 5DOF arm on the rover

October 12-15, 2004
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MSL Focused Technology
M Significant Event — Comparing Pose Estimators

Mars Science Laborator

* Provided a framework to compare five
pose estimators.
« Verified by running on real rover data:
— Sojourner
— Rocky 7 with sun sensing
— FIDO 3DOF EKF
— Simplified version of 6DOF EKF
— Wheel odometry
— Visual Odometry
» Mission Importance:
— Framework to compare algorithms

— Demonstrates SOA and future
potential

J el
ﬁ" i ALY
v |
Y
.-'.":. 5
-: —_—

Dan Gaines (lead), Antonio Diaz Calderon . o
Measuring Ground Truth using Total Station
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MSL Focused Technology
Level Il Milestone - Comparing Pose Estimators

Mars Science Laborator

&

« Comparison done to verify correctness and not to validate performance

* Pose Estimators:
— Sojourner: integrates z-axis gyro with wheel odometry (flat terrain)
— FIDO EKF: filters z-axis gyro bias & combines wheel odometry (flat terrain)
— Sun sensor: wheel odometry with sun sensor heading corrections
— 6DOF EKF: incomplete version - 3-axis IMU with flat terrain kinematics
— Wheel odometry: integrated delta encoders
— Visual Odometry: uses hazard cameras to estimate ego-motion
— Ground Truth — measured using a total station at every interval
* Tested on four runs
— 2 m straight line traverse over small rocks
— 2 m straight line traverse over larger rocks
— 2 m arc with 0.5 rad heading change over small rocks
— 2 m arc with 0.5 rad heading change over large rocks

Heading relative to beginning of move
IMU mount not finely calibrated relative to rover frame
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Pose Estimators — (a) 2 m straight; small rocks

Mars Science Laborator

Straight 2m, small rocks X, Y

—— Wheel Cdomet

~—— Gdof Heading
Fido EKF

Sun Sensor
Groundfrut

ol

S S A T SN A

5w o % w® 1 1 T 18

X(m)
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Step
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PRE-DECISIONAL DRAFT: For Planning and Discussion Purposes Only

37



MSL Focused Technology
Pose Estimators — (c) 2 m arc; small rocks

Arc 2m 0.5 radians, small rocks X, Y Arc 2m 0.5 radians, small rocks Heading
a0
—— Wheel Odomedr
O Bdof Heading
ol Fido EKF _
5un Sensor ]
03 Groundi rut ;g;
—_ =
E
S ORf e E’
o
o
[0 | o T
i e 20
30
[0 ] B e E e A B e e G B o B R e & 0 5 Be B R B B o B 6 een & B A B R B e 6 o B B B 6
40
O_ L I 1 L
o oL} [¥5] [¥3] 1 1 14 o 18
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8
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- 2 @
E E
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MSL Focused Technology
Pose Estimators — (d) 2 m arc; large rocks

Mars Science Laborator

- Arc 2m 0.5 radians, rocks X, Y Arc 2m 0.5 radians, rocks Heading
Wheel Odometfy Ll
05} 4
——— bdof Heading 3L 3 i
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Sun Sensor & 20 . e
03 Ground Arrut g,
= 8
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- 02 %
m
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0.1 ido EKF g
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MSL Focused Technology
Pose Estimators — Some Observations

« Performance of all estimators except wheel odometry is comparable

« A gap exists between most pose estimators and ground truth — there
IS a significant potential for research to close that gap

» Oceclusions from fixed mast impact sun sensor
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MSL Focused Technology

tatus of Navigation Algorithms in CLARAty

Description Morphin MER GESTALT | GESTALT V1.0 | Drivemaps
Integration Status | Refactored Encapsulated Encapsulated Encapsulated
(includes its own stereo) (uses CLARALy stereo (uses CLARALy stereo
version) version)

Platforms Tested | Rocky 8 ROAMS Rocky 8 Simple Sim

FIDO

ROAMS

Simple Sim

Validation Status | Delivered to LT | - - -

Future Plans - Test on Rocky 8 | Obsolete Generalize and
test on FIDO,
Rocky 8 and
ROAMS

Simple Sim — a simple and fast CMU simulator that generates binary terrain for navigation testing
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MSL Focused Technology

_@ MER GESTALT with ROAMS
__\

Mars Science Laborator

 Encapsulated latest uploaded MER
version of GESTALT (R9.0)

* New version (R9.1) still under ROAMS
development. We plan to upgrade once S

available
» Adapted navigator to ROAMS

« GESTALT runs on the Rocky 8 bench
top and interfaces with ROAMS

» Successfully avoided obstacles
 Reached goal on benign terrain

Front Hazard
Stereo images

o Future Work
— Further test and tune the adaptation

Example of a

— Port to Linux GESTALT
Goodness

Adapt to a real_rov_er :“ Map (does not

— Prepare for validation " correspond to

| S above images)

o
MER Class
Navigation

At AL o b St
L R e Y e o
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MSL Focused Technology
Drivemaps Navigator

Mars Science Laborator

 Encapsulated FIDO Drivemaps
navigator into CLARAty

e Tested elements on real field data

e Preliminary limited testing of
behavior using a simple simulator

e Future Work 3

— Generalize implementation to be
rover independent Stereo Point Cloud

— Further test for anomalies (above side view)
— Port to Linux i
— Adapt to a real rover
— Prepare for validation

cooDooo Coo
SabinRlriobobia s

|
b

- R R ST

Status Map

=100
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MSL Focused Technology
Drivemaps vs Morphin Navigators

Mars Science Laborator

* Ran experiments with Drivemaps and Morphin using Simple
Simulation (binary obstacle terrain)

* Navigation logic generates different paths to reach goal

Obstacles =
Roaver Path ——

] 10 15 20

o 5 10 15 20 o

Morphin Traverse Drivemaps Traverse
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MSL Focused Technology
Sun sensor Heading Estimator

-l Heading Estimation using sun sensing - Microsoft Internet Explorer,

 Implemented a new sun X .
Back v () x| |2] {p | ) gear h 5 Favortes @ reda €4 o B by

. .
C e n t ro I d fl n d e r Address @ http:/iclaraty. jpl.nasa.gov/new_sikefsoftware/technology sun_sensingjinde:x.html Ad E’ GGGGG ks

Algorithm Information

° I m p I e m e nted n eW Description Info . Commen ts

Algorithrm Mame Heading estimation using sun sensing
Function Design Document Legacy - Rocky 7, FIDO

morphological operators N -

Supported Platforms 1%86-linus- =
- - - i3BE-vi-*
(ero sion and dilation for two sgton Lo CoARiy L Parilydocumnis
Technology Provider Richard Valpe

Richard Petras

different template sizes) e
« Added eccentricity calculation
to improve sun detection

Purpose of Algorithm:

To determine the heading of a rover by looking at the sky and determining the

* Implemented exposure control | =i
for Rocky 8 cameras to improve |™*

s Image of the sun
« Rover orientation (roll, pitch,

= . yaw)
I m ag e q u aI Ity « Sensor mounting relative to rover base

Cutputs:

* Future Work: L By e
— Add uncertainty to sun vector ~ |*""™

» Awide FOV lens

« A priori calibration parameters for the camera/lens RO ER S D WETIC T v

— Adapt and test on FIDO & e
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MSL Focused Technology

Visual Wheel Sinkage

Mars Science Laborator

e Translated MIT’s visual wheel e ———————— .
sinkage into CLARAty o O: A G e I

Address @ htkpif/claraty.jpl nasa gov/new _sitejsoftwarejtechnology,visual_wheel_sinkage/inds:=, html N i Go Links *

e Tested on all supported I
p | atfo rm S (VXWO rks an d L I n U X) E;z?;i::?am I‘?'f;“a‘ ieel Sinkage :::::E:fmw competed (FYO1-04)

Functional Design Document

Tested Platforms i386-linuy-=
sparc-solaris-™

 Tested against images provided
ppe-wx®
Supported Platforms same
b h I 1 Integration Lewel CLARAy Level 2 8 3 Partially integration and documented
y te C n O O g I St Technaology Provider Christopher Brooks
Karl lagnemma
CLARAty Software Design MWichael Mossey

« Compiled and posted
documentation prOVIded by Algorithm Summary

Purpose of algorithm:

te C h n O I O g ISt Tao estimate the sinkage of a wheel into soft terrain by analyzing a single image of

the wheel. Provides as the output: (1) the angular size of the circular segment

between the bottomn of the wheel and the left terrain interface, and (2) the same
angle far the right terrain interface

 No available rover setup for
further testing

Pasition and orientation of wheel relative to camera
. Camera madel

Dimensions of wheel

. Configuration parameters for the algarithm

LR g

QOutputs:

The angular size of the segment of the wheel's circumference
1. on the left, between the bottom of the wheel and the left terrain interface.
2. on the right, between the bottom of the wheel and the right terrain interface.
< b
&) ® Internet
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MSL Focused Technology

Supported Platforms

Mars Science Laborator

ATRV
Cxz6 CLinux | i
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MSL Focused Technology

New in the CLARAty Test Bed

Mars Science Laborator

ATRV Jr.

Dexter Manlpulator

Rocky 8 PPC Bench top Bench top
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MSL Focused Technology

CLARALty Test Bed

Mars Science Laborator

 Added two new targets:

— Rocky 8 bench top with PPC for
MDS/MSL

— FIDO2 stack — hybrid of Rocky 8
and FIDO

2 CLARAty Testbed - Microsoft Internet Explorer

‘2 Rocky B Benchtop - Microsoft Internet Explorer

Eile Edit Yew Favorites Tools  Help

e Back ~

< lﬂ @ ;\J /-\’Search ‘i_‘\?Favorltes wmedla 6‘}

=08

Address |2j http:f/daraty.jpl.nasa.gov/new _site/testbedftest_targets/rabenchjinds:x. html

;,r

v| Go  Links ®

JPL HOME EARTH

SOLAR SYSTEM STARS & GALAXIES

CLARALy

o

TECHNOLOGY

Jet Propulsion Laboratory

California Institute of Technology
BREE Project Software Hardware Testbed
° | Test Targets Build Targets Hosts Sign Up How to VxWorks

Used by:

— CLARAty Developers
— MSL Manipulation task
— Validation tasks

— MDS/MSL

Remote Access

— Web camera

— Remote power cycle

Rocky 8 Benchtop |
Rocky 8 benchtop systern with some accessories

Name & Address:
MNarme: dbench P Addr 137.78.79.87

System Modules (3U Compact PCl}

« Processor - CP 303 - 4HP Pentiumn Il - 1.2 GHz - 256 ME RAM
Two Fast Ethernet channels
Two serial channels USB, COM1, LEDs, Reset Order
BHP 1F0: WGA, LED's, COM1/2, PS2, LPT, reset button carrier for
2.5" IDE HDD/Flash
CP128 CompactFlash with 128 MByte capacity

« FireWire Card - from Mindready
o 400 Mbits/s (1394a) or 800 Mbitsés (1394b)

e Digital 110 - 72 line - (Sensorary’
User Manual (not in Rocky 8)

& TRACI 400 - Parallel to [2C Board {no documentation available for
source code)

Additional Information

& Instructions on how to Reboot/Power cycle via TelTk script
& Instruction on how to change the kernel
& Instructions on how to switch the Bootloader

02 or T2.2

Rocky 8 Benchtop

Camera: Reset

0 O I
ON OFF Reboot

Custom |

dorks Kemnel

¢ | s
&) D Intemet
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MSL Focused Technology

LM629 Motion Control Board

Mars Science Laborator

JPL HOME EARTH SOLAR SYSTEM STARS & GALAXIES TECHNOLOGY

* Delivered LM629 Motion @ Cl ,hr;,x'[y ﬁ
.l 3 Jet Propulsion Laboratory N
Control board to MSL ST 2
| verview rojec oriware araware esibe

manipulation task i Loy Ssdie Ul
_ 16 axes mOtOI’ LM629 Motion Control Board
controllers/boarc
— Support for multiple boards
— Current sensing
— H-bridge braking
— Analog interface for

* 16 axes motor controllers based on LME29 chip
¢ Bi-directional current sensing

e Analog interface for potentiometer readings

o H-Bridge braking system

e [hermal analog measurements

o Support for multiple boards in a system

o 91/4 x4 3/8"

¢ Standard motaor AMP socket connectors

Board schematics:

potentiometers
o Electrical schematics (v 2.0)
e Board layers and routing schematics {v 2.0) LMB29 Motion Control Board
e Board modifications (April 2004) {new)

Board Manufacturing:

e Pars List
e Fabrication files (gerber, hp, apt, bom, drl, neu, ple) (Zip)
e Board stackup layers
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Publications to Date

e Publications:

— M.G. Bualat, C.G. Kunz , A.R. Wright, I.A. Nesnas, "Developing An Autonomy Infusion
Infrastructure for Robotic Exploration,” Proceedings of the 2004 IEEE Aerospace
Conference, Big Sky, Montana, March 6-14, 2004. pdf (14 pages, 0.7MB)

— R. Volpe, "Rover Functional Autonomy Development for the Mars Mobile Science
Laboratory," Proceedings of the 2003 IEEE Aerospace Conference, Big Sky, Montana,
March 8-15, 2003. pdf (10 pages, 1.2MB) C. Urmson, R. Simmons, "Approaches for
Heuristically Biasing RRT Growth," Proceedings IROS 2003, October, 2003

— |.A. Nesnas, A. Wright, M. Bajracharya, R. Simmons, T. Estlin, Won Soo Kim, "CLARAty: An
Architecture for Reusable Robotic Software," SPIE Aerosense Conference, Orlando,
Florida, April 2003. (730 KB)

— L.A. Nesnas, A. Wright, M. Bajracharya, R. Simmons, T. Estlin, "CLARAty and Challenges of
Developing Interoperable Robotic Software," invited to International Conference on
Intelligent Robots and Systems (IROS), Nevada, October 2003. (410 KB)

— C. Urmson, R. Simmons, |. Nesnas, "A Generic Framework for Robotic Navigation,"
Proceedings of the IEEE Aerospace Conference, Montana, March 2003. (8 pages, 730KB)

— C. M. Chouinard, F. Fisher, D. M. Gaines, T.A. Estlin, S.R. Schaffer, "An Approach to
Autonomous Operations for Remote Mobile Robotic Exploration,” Proceedings of the IEEE
Aerospace Conference, Montana, March 2003 (277 KB)

— T. Estlin, F. Fisher, D. Gaines, C. Chouinard, S. Schaffer, I. Nesnas, "Continuous Planning
and Execution for an Autonomous Rover," Proceedings of the Third International NASA
Workshop on Planning and Scheduling for Space, Houston, TX, Oct 2002. (168 KB)
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Mars Science Laborator

Backup slides
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MSL Focused Technology

Measuring Success or Failure

Mars Science Laborator

We succeed IF we;

« Significantly reduce integration time of new technology
software onto real robotic systems

\/- Support multiple platforms with different hardware architectures
9\/(- Provide a service that is enabling for technologists

o Simplify the development/integrate/debug/test cycle for current
and next generation NASA rovers

« Have people other than the developers using and “liking” the
system
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